The number of water molecules bound (unfreezable) by a molecule of dipalmitoyl phosphatidylserine (DPPS) or by a molecule of dipalmitoyl phosphatidylcholine (DPPC) alone or in mixtures with cholesterol was determined by differential scanning calorimetry (DSC). When the phospholipids are in the gel state and in the absence of cholesterol, molecule of DPPS binds about 3.5 molecules of water and molecule of DPPC binds about 6 molecules of water. Number of water molecules bound increases when cholesterol crystallites are formed in the bilayer. For DPPS-cholesterol mixture at X(chol) −0.5, as well as for DPPC-cholesterol mixture at X(chol) -0.5 about 7 water molecules are bound.
Introduction
Hydration of lipids:phospholipids and sphingolipids was investigated extensively (Bach et al., 1982; Bronshteyn and Steponkus, 1993; Crowe et al., 1994; Kodama et al., 1997 Kodama et al., , 2004 by employing various biophysical techniques. Most of the research concentrated on zwitterionic lipids. Kodama et al. (1998) determined water binding to phosphatidylglycerol, which is negatively charged at neutral pH, and we have investigated water binding to other negatively charged lipids gangliosides and phosphatidylserines (Bach et al., 1982; Bach and Miller, 1998) .
As cholesterol is an important component of most biological membranes the investigation of water binding to mixtures of cholesterol with phospholipids may be of biological relevance. Recently, we have investigated water binding to mixtures of phosphatidyl serine (PS)-cholesterol, dimyristoyl phosphatidylserine (DMPS)-cholesterol and dimyristoyl phosphatidylcholine (DMPC)-cholesterol by differential scanning calorimetry (DSC) and water orientation and immobilization by layers of dipalmitoyl phosphatidylserine (DPPS) alone and in mixtures with cholesterol by polarized attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) (Bach and Miller, 1998; Miller and Bach, 2000) .
DSC is, especially, suitable technique for determination of hydration properties of lipid bilayers as from DSC experiments the number of tightly bound water molecules (unfreezable water) can be calculated. Polarized ATR measures the dichroic ratio of the OH stretching band of water at 3400 cm −1 . This ratio changes from 2 for random orientation of water to 2.8 when all the water molecules adhere to the aligned phospholipid layers and are oriented by them.
The results obtained previously by us show that the number of water molecules bound or immobilized by the phospholipids increases steeply in the region where phase separation of cholesterol takes place leveling off when cholesterol crystals appear free in the solution (Bach and Wachtel, 2003) .
The aim of the present work was to study how the length of the acyl chains of well defined synthetic phosphatidylserine affects the water binding in the absence and in the presence of cholesterol. To reach this aim we have investigated water binding to DPPS and its mixtures with cholesterol and compared the results with those published previously for the shorter chain phosphatidylserine -DMPS. The second aim was to investigate how the water orientation induced by the phospholipid layers and detected by polarized ATR correlates with the unfreezable water molecules calculated from DSC for the pure DPPS and for its mixtures with cholesterol.
As phase separation of cholesterol depends also on the type of the head group of the phospholipid, mixtures of dipalmitoyl phosphatidylcholine (DPPC) with cholesterol were also investigated. The results presented show that in mixtures of cholesterol with DPPS the amount of water bound or immobilized increases when phase separation of cholesterol takes place. However, the number of water molecules oriented by phospholipid layers as derived from ATR measurements is nearly twice the number of unfreezable water molecules. These data indicate that water polarization measurements include bound water molecules plus molecules of water oriented by the phospholipid that are still undergoing freezing on cooling.
Experimental

Materials and methods
Dipalmitoyl phosphatidylserine sodium salt and dipalmitoyl phosphatidylcholine were purchased from Sigma (St. Louis, MO). Cholesterol was from NuChek-Prep. (Elysian, MN) it was stored in dark at −18 • C.
The phospholipids and cholesterol were dissolved in chloroform:methanol 2:1 and mixed at appropriate ratios.
The solvents were driven off by a stream of nitrogen at room temperature and the samples were kept under high vacuum for 3 h. We have shown recently that this protocol does not produce artifactual demixing of cholesterol and discussed the experimental problems leading to underestimation of cholesterol solubility (Bach and Wachtel, 2003) .
The dry phospholipids or cholesterol-phospholipid mixtures were weighted into the pans of the DSC Instrument and kept in a vacuum desicator over phosphor pentoxide for at least 24 h. After drying the samples were reweighted and appropriate amounts of water were added and the pans were sealed. The sealed pans were vortexed and incubated above the melting temperature of the phospholipids (51-52 • C for DPPC samples and 61-62 • C for DPPS samples) for about half an hour. After incubation and at the end of the experiments the samples were reweighted to account for any lost in water content.
The calorimetric measurements were performed on a Du Pont 990 Thermal Analyzer (Du Pont Instruments Wilmington, DE) with cell base 2. The experiments were performed in a temperature range from −50 to 20 • C at a scan rate of 5 • C/min after rapid cooling to −50 • C, which assured formation of small crystals. In several cases, scan rate of 2 • C/min was also used with no effect on the results. This indicates that diffusion time was adequate to maintain equilibrium between ice and hydration water (Gleeson et al., 1994) . In all experiments several scans were performed. The number of unfreezable (bound) water molecules per molecule of phospholipid was calculated (Bach and Miller, 1998) .
Results and discussion
In the present work, we have investigated water binding to dipalmitoyl phosphatidylserine alone or in mixtures with cholesterol. DPPS is a disaturated phospholipid, it is negatively charged above pH 3.5, the transition temperature of the phospholipid from gel to liquid crystalline state in an excess of water is 54 • C. We have shown previously by using DSC that phase separation of cholesterol crystallites from DPPS mixtures with cholesterol takes place at about X(chol) −0.3 (Bach and Wachtel, 1989) . Fig. 1 is presented thermograms of water (ice) melting at several ratios of water to phospholipid in the presence of DPPS alone or in mixtures with cholesterol. When the ratio of water to phospholipid is low the water melting peak shifts to lower temperatures, it broadens and its enthalpy decreases. Finally, at very low hydration when all the water is bound to the phospholipid the ice melting peak vanishes. These effects are clearly seen in the traces presented in Fig. 1 .
Moreover, in agreement with the ClausiusClapeyron relation the ice melting temperature decreases with the increase of the water fraction in the ice phase causing the hydration water to be at lower chemical potential. The lowering of the chemical potential may be partially monotonic like in salt solutions during freezing and partially in discrete steps as postulated by Kodama et al. (2004) for water being in different states, e.g. interlamellar or bulk states. These effects are clearly seen in the traces presented in Fig. 1 .
From thermograms of Fig. 1 and additional ones the measured enthalpy of melting of water per mole phospholipid was calculated and is presented in Fig. 2 as a function of mole water per mole phospholipid for DPPS only and for DPPS in mixture with cholesterol at X(chol) −0.4. Intercept of this graph (the enthalpy of melting = 0) gives the number of tightly bound (unfreezable) water molecules per molecule of phospholipid. As seen in the Fig. 2 , DPPS alone binds about 4 water molecules per molecule of the phospholipd. In the presence of cholesterol at X(chol) −0.4 where phase separation of cholesterol crystallites already takes place, the intercept gives about 8 water molecules bound per molecule of DPPS. The number of tightly bound water molecules in the presence of excess water when the water activity approaches unity may be higher than the number obtained by extrapolation when the water activity is very low. We have shown previously that cholesterol does not bind water (Bach and Miller, 1998) . The slopes of the traces in Fig. 2 (the enthalpy of water melting per mole of added water) are not similar in the presence of DPPS only or for DPPS-cholesterol mixture. In the case of DPPS, the slope is lower than that for pure water, however, the value of enthalpy of water melting in the presence of DPPS-cholesterol mixture corresponds to that of pure water. Lower values for enthalpy of water melting in the presence of phospholipids were found by us previously for water melting in the presence of natural phosphatidyl serine and dimyristoyl phosphatidylserine and by Kodama et al. (2004) for other lipids (Bach and Miller, 1998) .
The possible explanation for this behavior is the enhanced adherence of water molecules to the pure phospholipid surface at higher water concentrations increasing the number of tightly bound water molecules. The highly hydrated DPPS surface in the presence of cholesterol does not permit further water adherence.
In a previous publication, we have investigated water binding to mixtures of bovine spinal cord PS-cholesterol mixtures and to DMPS-cholesterol mixtures (Bach and Miller, 1998) .
We have shown that above certain molar fraction of cholesterol where probably cholesterol patches start to form in the bilayer (as detected by X-ray diffraction) the number of water molecules bound increases leveling off at high cholesterol content. As natural PS is heterogenous with respect to the acyl chain content and DMPS is a short chain phospholipid, it was of interest to investigate mixtures with cholesterol of another synthetic well defined phosphatidyl serine with longer acyl chains to prove if the relation between water binding and cholesterol phase separation is a general phenomenon. In Fig. 3 , the number of water molecules bound per molecule of phospholipid as a function of X(chol) is presented. Also, here, as in the case of mixtures with PS or DMPS number of water molecules bound increases steeply in the region preceding macroscopic phase separation of cholesterol when crystallites of cholesterol form in the bilayer and levels off when massive phase separation of cholesterol crystals into the bulk phase takes place. As seen from Fig. 3 , the increase in the number of bound water molecules in the presence of excess of cholesterol is about twice of the number in its absence similar to the increase obtained for PS-cholesterol and for DMPS-cholesterol mixtures investigated previously. This finding indicates that the relation between water binding and phase separation of cholesterol is a general one for all the phosphatidylserine cholesterol mixtures investigated.
Using polarized ATR water orientation by DPPS or DPPS-cholesterol mixtures was investigated by us (Miller and Bach, 2000) . The dichroic ratio of the OH band of water was calculated and plotted as a function of water molecules/DPPS molecule. The number of water molecules oriented by DPPS molecule either alone or in mixtures with cholesterol was derived and plotted as a function of X(chol) (Fig. 2 in Miller and Bach, 2000) This plot is similar in shape to the plot presented in Fig. 3 . The number of water molecules oriented and immobilized by DPPS molecule alone or in the presence of excess of cholesterol is 7 and 13. These values are considerably larger than the number of unfreezable water molecules obtained by DSC and presented in Fig. 3 . The difference stems probably from the fact that polarized ATR senses not only the orientation of tightly bound water molecules, but also the orientation of additional water molecules in the proximity of the oriented phospholipid layers.
For comparison with the negatively charged DPPS we have also investigated mixtures of DPPC with cholesterol. DPPC is a zwitterionic phospholipid, the temperature of the transition from gel to liquid crystalline state is 41 • C. In mixtures with cholesterol phase separation of cholesterol crystallites takes place at about 1:1 molar ratio as determined by X-ray diffraction and by NMR (Ladbrooke et al., 1968; Guo and Hamilton, 1996) . Fig. 4 presents thermograms of water melting peak in the presence of pure DPPC and for its mixtures with cholesterol (X(chol) −0.4) at two different ratios of water to phospholipid. The effect of DPPC on the ice melting is similar to that of DPPS ( Fig. 1 ) but is less pronounced Fig. 5 is shown the measured enthalpy of melting of water as a function of the ratio mole water per mole phospholipid for DPPC alone and for DPPC-cholesterol mixtures at X(chol) −0.4. About 6 water molecules are rendered unfreezable by DPPC molecule alone and about 7 for DPPC in the presence of cholesterol X(chol) −0.4. The number of water molecules bound (unfreezable) by DPPC molecule was reported previously (Bach et al., 1982; Crowe et al., 1994) and it is similar to the value shown in the present work. DPPC molecule binds more water than DPPS molecule as in the phosphatidyl serine the inter hydrogen bonding in the head group region causes more tight binding preventing interaction with water, in spite that the phosphatidyl serines are negatively charged (Petrache et al., 2004) . With respect to the degree of hydration DPPC alone and in the presence of cholesterol behaves differently than DPPS. The additional hydration induced by cholesterol in the region of phase separation of the sterol is less than two water molecules of water per molecule of DPPC, and the molar enthalpy of melting of water is less than that of pure water indicating that part of the added water becomes unfreezable both in the presence of DPPC or DPPC-cholesterol mixtures.
In Fig. 3 , mole of water bound per mole phospholipid as a function of X(chol) is presented. Comparison of the results in this figure with the figure of water binding to mixtures of DMPC with cholesterol ( Fig. 6 in Bach and Miller, 1998) shows significant differences between the two cases. The two phosphatidyl cholines differ only in the length of the acyl chains as DPPC has two additional methylene groups in each acyl chain. Molecule of DPPC binds about 6 water molecules, whereas DMPC binds only 3.5 molecules In the case of DMPC-cholesterol mixtures, increase in the amount of water bound takes place at about X(chol) −0.4,whereas for DPPC-cholesterol mixtures it starts already at about X(chol) −0.3, in spite that the onset of phase separation of cholesterol crystallites as determined by biophysical methods is not very different for the two phospholipids. It seems that the appearance of cholesterol aggregates with distinct boundary lines between them and the phospholipid rich phase where the higher hydration is demonstrated takes place at a lower concentration of cholesterol in DPPC than in DMPC. DPPC is more effective than DMPC in squeezing out cholesterol from its domain to form aggregates. On the other hand, DMPC with its dimensions matching those of cholesterol is more effective in forming cholesterol rich phase. Ultimately at about X(chol) −0.5 cholesterol crystals are formed as detected by X-ray diffraction and NMR in DMPC and DPPC-cholesterol mixtures.
The length of the phosphatidyl choline affects also the number of water molecules bound. In the longer phospholipid the number of water molecules bound is higher than in the shorter one, but the increase in the number of water molecules bound at high cholesterol content for DPPC is up to 2 molecules and for DMPC it is about twice.
We did not observe any appreciable effect on phospholipid hydration of the dissolved cholesterol or of the uniformly distributed cholesterol phospholipid complexes (McConnell and Vrljic, 2003) . In some cases, small lowering of hydration was observed but the lowering was within experimental error (Bach and Miller, 1998) .
Conclusions
Number of water molecules bound by the phospholipid increases in the region of phase separation of cholesterol microcrystallites both for phosphatidylserine and phosphatidylcholine-cholesterol mixtures. However, for all the phosphatidylserines investigated the behavior is similar independent on the length of the acyl chains meaning that the serine head group determines the water binding and cholesterol phase separation. In the case of phosphatidyl cholines water binding and probably separation of cholesterol microcrystallites in the bilayer is determined by the length of the acyl chains.
